Abstract-A pulsed plasma enhanced chemical vapor deposition (PECVD) reactor is used for the preparation of thin polyacetylene films. A theoretical model based on the mass transport characteristics of the reactor is developed in order to correlate with experimentally obtained spatial deposition profiles for the acetylene plasma polymer film deposited within the cylindrical reactor. Utilizing a free radical mechanism with gas phase initiation of the polymerization reaction as the rate controlling step, a system parametric study is performed to predict the Peclet number range of operation for the pulsed PECVD reactor. This parametric study indicates radical decay by diffusion to the reactor walls to be the significant physical phenomenon in the system. It is concluded that a quasi-steady-state model is a good tool for predicting the important mass transfer phenomena occurring in the pulsed plasma reactor.
II. EXPERIMENTAL

A. Reactor Configuration
A schematic of the reactor used for our studies on the polymerization reaction is shown in Fig. 1 . It comprises of a Pyrex glass tube of length 97 cm and internal diameter 10 cm, initially evacuated to a vacuum of torr by an oil diffusion pump connected at the exit end of the tube. Acetylene gas used as the monomer is admitted into the chamber in the form of pulses, by a puff valve arrangement situated at the entrance end of the tube. A delay circuit allows an rf coil to release energy exactly 400 s after the release of monomer gas. The rf coil, energized by a 1.9 F capacitor charged to 22 kV, provides the energy for plasma generation during each gas pulse. The polyacetylene samples deposited by the plasma, are collected on gold foil substrates (tape series #2-0300, 3M Company) mounted on stainless steel metal stages located axially within the reactor. The unique design of the substrate mounting stage facilitates the sweep of several axial and radial positions within the tubular reactor, for purposes of quantifying the polymer film deposition and for carrying out the subsequent spectroscopic and morphological analyzes of the films.
B. Experimental Data
A series of experiments are performed to deposit thin acetylene polymer films onto gold foil substrates via a plasma-induced polymerization reaction. In order to obtain radial and axial profiles of deposition rates of polymer within the cylindrical PECVD reactor, the axial location of the electrically grounded metal stage is varied holding all other system parameters unchanged. The seven fingers of the metal stage provide the seven radial locations for each experimental run. Polymer weight measurements are used to determine the amount of polymer deposited from a known number of plasma pulses. A Perkin-Elmer AD2Z Electronic Autobalance is used to measure the weight of deposited polymer. Film thickness, estimated by sectioning the samples and viewing them on a Hitachi S-570 Scanning Electron Microscope, is used to verify accuracy of these measurements by checking for constancy of polymer density for each sample deposited. Polymer deposition rates are quantified as areal density of polymer ( g/cm -pulse) deposited on the substrate.
The experimental polymer deposition profiles within the reactor are illustrated in Fig. 2 . Independent features of the radial profiles and the axial profiles can be observed more clearly in Figs. 3 and 4, respectively. These indicate a decay in film deposition rates beyond an axial distance of cm within the reactor; the decay in deposition rates in the radial direction, however, is not as pronounced. Any asymmetry in the radial profiles could be ascribed to the imprecise fine-tuning of the alignment of the rf coil axis within the plasma reactor.
III. MASS TRANSPORT MODEL
The polymerization process in the pulsed PECVD reactor involves both the gas phase and the solid surface. The process in the gas phase involves mass transport with chemical reactions while that at the solid surface involves chemical reactions only. The experimental results described above show polymer deposition rates to vary with spatial location within the reactor. If the energy density of the plasma in the gas phase is assumed to be uniform, chemical reaction rates would also be constant throughout the reactor. Spatial variations in polymer deposition rates could then be attributed to spatial variations in the concentration of active species due to mass transport limitations within the reactor. Mass transport could thus be identified as the important rate-controlling step in the overall plasma polymerization process.
In the pulsed PECVD reactor studied in the present work, plasma generated by the rf source provides the energy necessary for the generation of active species in the gas phase. These species are transported within the reactor by both convection and molecular diffusion. The circumferential rf coil around the cylindrical reactor, by way of its slight conical shape, causes convective transport in the axial direction. The mutually perpendicular and interacting current density and magnetic fields provide this axial velocity component. Polymer deposition in the form of a thin film occurs as a result of each plasma pulse. For purposes of modeling, each consecutive plasma pulse is assumed to be identical in all respects with an equal mass of polymer being deposited from each pulse. Thus, it is sufficient and adequate to perform the modeling only over a single plasma pulse. Uchida and Morita [2] correctly point out that the deposition mechanism in a pulsed rf discharge is not completely understood because of complicated reactions among various species and wider energy distributions of such species, in comparison to earlier plasma polymerization models based on a continuous discharge (d'Agostino [3] ; Yasuda [4] ). In their model, they consider only the gas phase radical reactions involving initiation, propagation, and adsorption as leading to deposition either on the substrate or on the growing polymer surface, and couple these with the probability of electron collision in a differential volume of the reactor, to arrive at the deposition quantity with time. Uchida et al. [5] additionally conclude that, in their studies on acetylene, the monomer molecules do not contribute to the deposition once the discharge is stopped and that the acetylene does not undergo any chain propagation reaction on the plasma activated surface under typical plasma polymerization conditions.
A. Development of the Mass Transport Equations
As mentioned earlier, the important phenomena occurring in the gas phase are convective transport and molecular diffusion, and chemical reaction. Convective transport is assumed to occur in the axial direction only, due to the axial velocity component imparted by rf energy; diffusive transport, however, can exist in both axial and radial directions.
As in the case of conventional polymerization, previous studies [6] - [8] indicate the plasma polymerization process to proceed through a free radical mechanism, comprising of initiation, adsorption of reactive species onto substrate, homogenous propagation (occurring in the gas phase or on the solid surface only), heterogeneous propagation involving both gas and solid phase, and termination reactions that result in loss of active species. Previous research [9] also supports the idea that the radical initiation reaction occurring by the inelastic collisions of high-energy free electrons with monomer molecules is the rate-determining step in the kinetic process.
Two species, i.e., monomer molecules and radicals, are reported to be the dominant active species in plasmas of organic gases [6] , [10] . The radicals themselves can comprise of several different chemical structures as a result of various propagation and termination reactions [11] . One prospective radical is formed when acetylene has one hydrogen atom removed by collision with an energetic electron. Another prospective radical is a diradical that is formed when the triple bond of acetylene is reduced to a double bond by collision with an energetic electron. With the initiation reaction being considered the rate-controlling step [9] , only the precursor gas and the radicals resulting from it are important here for purposes of modeling. Radicals formed from other radicals via homogenous and heterogeneous propagation reactions should not influence deposition profiles in the reactor, and can be neglected. This is further supported by the fact that mass spectroscopic [12] and X-ray photoelectron spectroscopic studies [13] performed in plasmas of organic gases, indicate no significant formation of oligomeric species by free radical reactions in the plasma phase. The mathematical model could thus be assembled by considering the radicals as a single active species and the acetylene monomer itself as the second species. The continuity equations in their most general form for the monomer concentration ( ) and the radical concentration ( ) could next be represented as (1) (2) where and are both positive quantities representing loss of monomer and generation of radicals, respectively. For this work, we assume that (3) This is valid for an efficient reaction where the rate of monomer dissociation is assumed to equal the rate of generation of those radicals that control the polymer deposition process.
B. Time Dependency
Mass transport within the reactor involves unsteady-state operation due to the pulsed nature of monomer injection and the pulsed nature of rf energy injection. Pedrow et al. [14] , [15] report, for the current experimental configuration, the rf energy injection phase has a duration of approximately 30 s. The decay in monomer concentration occurs not only by its conversion to radicals which would proceed during the 30 s of rf energy injection, but also by axial convective transport of species and their removal by the vacuum pump system. This decay by convective transport occurs, however, for a period over and above the rf energy injection duration of 30 s. In this work, we chose to investigate a simplified model that preserves the fundamental phenomena such as monomer transport via convection, radical creation via electron impact, and radical transport via convection and diffusion. The quasi-steady-state model ignores the transient nature of the reactor and does not preserve the time sequence of events. With the assumption of such a quasi-steady-state model, we now have
These two equations merely equate the divergence of the particle flux to the sink and source terms, respectively.
C. Monomer and Radical Flux
For the monomer fluid, we assume plug flow with homogeneous number density in the radial direction. Using cylindrical coordinates ( ), these assumptions give
where , , and are unit vectors in the cylindrical coordinate system and the superscript "0" indicates no , , or dependence. These two assumptions are equivalent to: 1) ignoring the monomer boundary layer at the reactor wall and 2) assuming a sticking coefficient of zero for monomer molecules incident on the reactor wall. The uniform monomer flow field assumed in (7) is a simplified version of the monomer flow field used by Chen [16] in his model. In addition, we assume that the radicals have no influence on the fluid flow field of the monomer. This assumption is consistent with the work of Chen [16] where the monomer had axial but no radial fluid velocity.
For the radicals, we assume that can be a function of and but it has no dependence on
The equation of motion for the radicals gives (9) where is the diffusion coefficient for the radicals in units of m /s. Substituting (6)- (9) into (4) and (5) yields (10) (11) where we used the vector identity (12) where is a scalar and is a vector. In (11), since has no dependence, we can write 
D. Dissociation
Equation (10) considers changes in monomer concentration due to plug flow and due to conversion of monomer molecules to radicals. Equation (15) considers changes in radical concentration due to convective flow in the axial direction, diffusive flow in both the axial and radial directions, and the effect of conversion of monomer molecules to radicals. With the dissociation process a first-order reaction with respect to the monomer [16] , [17] , the dissociation rate can be written as (16) where is the dissociation frequency for monomer molecules which for this model is the generation frequency for radicals. In its most general form, we write as (17) where average over the electron velocity distribution function; electron velocity; velocity-dependent dissociation cross section for the monomer molecule; electron number density. For this quasi-steady-state model, we assume that rf energy is injected continuously (rather than as the true 30-s pulse of rf energy) and that it results in a uniform "beam" of electrons that bombard the monomer as it executes a plug flow through the reactor. The electron beam is considered to have a uniform number density and we assume an electron energy distribution function that is spatially uniform; thus, is constant throughout the reactor. More detailed treatments of including nonuniform electron density appear in the literature [16] - [20] .
E. Normalization
Nondimensionalizing the variables in (10) and (15) A similarity analysis could be used to compare the relative importance of the axial and radial diffusion terms for the radicals. If represents the maximum radical concentration attained, the radial diffusion term has a magnitude of the order of while the axial diffusion term has a magnitude of the order of . Based on the geometry of the reactor, magnitude of axial diffusion term magnitude of radial diffusion term (20) Thus, radial diffusion of radicals is seen to be more dominant and so axial diffusion of radicals was neglected in our model. Radial diffusion of radicals creates a flux of radicals in the radial direction to the walls of the reactor. Axial convection of radicals creates a flux of radicals in the axial direction. Equation (19) now becomes (21)
F. Boundary Conditions
The equations to be solved are (18) and (21) BC1 and BC2 result from the fact that the inlet stream consists of pure monomer and no radicals. BC3 results from the fact that there is radial symmetry in . BC4 results from the assumption that the wall of the reactor is an infinite sink for radicals (unity sticking coefficient). The radical diffusion Peclet number ( ) and the Damkohler number ( ) are defined for the system as (26) (27) The Damkohler number is the ratio of the radical formation rate by monomer dissociation, to radical decay rate by diffusion to the reactor walls. The Peclet number compares radical mass transport by axial convection to that by radial diffusion. The physical significance of these two numbers assists in identifying the relative importance of the various physical phenomena in the system. Hence, (18) is expressed in terms of and and is solved analytically to give (28) Note that the boundary condition in (22) is satisfied by this equation.
Using (26)- (28) in (21) gives (29) Equation (29) was solved numerically (subject to BC2-BC4) using the software packages SIMUSOLV [21] and FLEXPDE [22] .
G. Parametric Study
For this section, specific values for the unknown parameters are not selected but instead a parametric study is presented so that scaling behavior can be investigated. A parametric study was performed with respect to the and numbers, which are the two unknown constants in (29). Fig. 5 shows the effect of and numbers on radical distribution within the reactor. Somewhat arbitrarily, these plots cover all combinations of and equal to 1 and 10. Considering Fig. 5 , we define a critical point where and are both zero, i.e., the critical point is the position of maximum radical concentration in the reactor. That is, only Fig. 5 (a) and (b) have critical points within the reactor. First we make a few general comments about the plots in Fig. 5 . Decay of radical concentration as runs from 0 to 1 is caused by diffusional loss of radicals to the wall. Increase of radical concentration as increases from 0 is caused by conversion of monomer molecules to radicals during the convective flow. The critical points in Fig. 5(a) and (b) are caused by two phenomena: 1) conversion of the monomer molecules to radicals as the feed stream moves in the direction and 2) diffusional loss of radicals to the wall. From Fig. 5 , we can also conclude that larger values of result in more uniform radical density in the radial direction; however, the presence of a large diameter substrate such as a silicon wafer would significantly modify the fluid flow fields. Now consider the Damkohler number ( ) which, by definition, is the ratio of the rate of radical formation by dissociation of monomer, to the rate of radical decay by diffusion to the walls of the reactor. In a system characterized by higher Damkohler numbers, there is expected to be a larger radical concentration near the inlet to the reactor. This behavior is confirmed by comparing Fig. 5(a) and (b) and by comparing Fig. 5(c) and (d) .
The Peclet number ( ), on the other hand, compares the axial convective mass transport to the radial diffusive mass transport, and hence is inversely proportional to the residence time of radicals within the reactor. Higher Peclet numbers would thus imply a decrease in residence time and a critical point within the reactor could then be expected to shift down the tube away from the entrance. This behavior is confirmed by comparing Fig. 5(a) and (c) and by comparing Fig. 5(b) and (d) .
H. Comparison with Experiment
In this section, quantitative values for the unknown parameters are estimated and experimental results are compared with the model. Quantitative comparison of this model with the experiment is complicated by the fact that the former is quasisteady state while the latter is transient (pulsed). Another complication in a quantitative comparison is that the model yields radical number density while the experiment measured deposition rate. For this section, we assume that regions with high radical number density will be regions with a high deposition rate, but the exact functional dependence between the two will not be modeled here. Thus, comparisons in this section are intended to be "order of magnitude" in nature.
As shown in Figs. 2 and 3 , the shape of the experimental data in the radial direction agrees qualitatively with Fig. 5(a) -(d): larger deposition rates on axis and smaller rates near the wall. This behavior is to be expected in the model since the wall is an infinite sink for radicals.
The experimental data in Fig. 4 for the on-axis position ( ) shows that there was a critical point within the reactor at (0, 32 cm/62 cm) . To compare this observation with the model, we must estimate and so that and can be found. was calculated from [14] (30) where , , , , and are equal to Boltzmann's constant J/K, 300 K, kg, m , and m , respectively. The value for is that for the acetylene molecule and the value for was given in [14] . Equation (30) gives m /s which is consistent with that cited by Tibitt [8] .
To compensate for the pulsed nature of the rf energy injection, the following adjustment is made for :
where rate coefficient that should be used in the quasisteady-state model; nominal duration of the rf energy injection; rate coefficient in the pulsed experiment. Substituting (31) into (27) gives (32) Forming the ratio of (32) and (26) Table I . The value of 17 m/s for the fluid velocity in Table I is difficult to confirm since the transient nature of the injected gas stream is quite complicated; however, a model described earlier [25] predicts a monomer injection velocity of 42 m/s at the time of rf energy injection. This is about 2.5 times larger than the value of 17 m/s shown in Table I but it is considered acceptable for this order of magnitude comparison. Fig. 6 shows a contour plot of for the conditions given in Table I .
IV. CONCLUSION
It is concluded that the steady-state model developed for the pulsed plasma reactor in the present work is successful in estimating the significant mass transport phenomena and hence identifying the regime of operation for the reactor. Also, in an order of magnitude sense, the deposition profiles predicted by the model do match those from the transient experiment and that the model can be used to identify locations within the PECVD reactor for optimal polymer deposition rates based on the Damkohler and Peclet numbers. Values for the Peclet and Damkohler numbers that gave acceptable agreement with experiment were 2.6 and 5.54, respectively. These numerical values indicate the reactor to be operating in a regime where radical decay due to diffusion to the wall is significant. Increasing the Peclet number should allow for flatter radical concentration profiles, which, in turn should provide polymer films of more uniform thickness and composition during scale-up to larger diameter substrates. Additional refinements to the model must consider: 1) the complexity inherent in the in situ measurement of radicals in plasmas and 2) the perturbing influence of large diameter substrates on fluid flow fields.
